Abstract Starch was phosphorylated through dry-heating in the presence of pyrophosphate at various conditions, and the characteristics of phosphorylated starch (PS) were examined. Starch phosphorylation increases as the pH increases from 3 to 6, but diminishes at pH 7. Increased temperatures enhance phosphorylation. Data from 31 P NMR suggests that starch phosphorylation occurs mainly at the C3-OH and C6-OH of the glucose residue. The phosphate linkage is mainly due to monostarch monophosphate. Although starch had almost no calcium phosphate-solubilising capacity, this capacity was markedly enhanced by phosphorylation. X-ray diffraction analysis indicates that the crystal structure of hydroxyapatite was not present in the calcium phosphate-PS complex.
Introduction
Phosphate tends to form an insoluble complex with calcium under the alkaline pH conditions that exist in the intestinal environment. The formation of a calcium phosphate precipitate results in reduced calcium absorption at the intestines (Sato et al. 1986 , Yamamoto et al. 1992 , Nordin and Heaney 1990 . Phosphoproteins, such as casein and egg white riboflavin-binding proteins, interact with calcium and phosphate, and solubilize calcium phosphate (Aoki et al. 1986 , Aoki 1989 , Aoki et al. 1993 . Kamasaka et al. (1995) showed that phosphorylated oligosaccharides prepared from potato starch can inhibit the formation of calcium phosphate precipitates by forming soluble complexes with calcium ions. Although starch has no calcium phosphate solubilizing ability, this ability of starch may be given by phosphorylation. In addition, the roles of phosphate groups in physiological (Kitazawa et al. 1996 , Kitazawa et al. 1998 ) and immune (Hata et al. 1998 , Otani et al. 2000 functions have also been reported. More recently, Otani et al. (2007) reported that the production of Immunoglobulin A in mice was enhanced by phosphorylated dextrin, which was prepared through dry-heating in the presence of orthophosphate. Thus, the functional properties and physiological functions of starch are expected to be similarly improved by phosphorylation.
Since the beginning of the 20th century, starch phosphorylation has been carried out to improve the functional properties, such as gelling, digestion, and emulsification, of starch. (Sitohy et al. 2000) . Sodium trimetaphosphate (STMP) and sodium tripolyphosphate (STPP) have been used to prepare phosphorylated starch (PS) under alkaline conditions. (Kerr and Cleveland 1957, Woo and Seib 1997) . Starch can also be phosphorylated through dry-heating in acidic conditions in the presence of orthophosphate (Tarelli and Wheeler 1994a , Tarelli and Wheeler 1994b , Nakano et al. 2003 . However, starch phosphorylation through dryheating in the presence of pyrophosphate has not been studied yet. In addition, little is known about the phosphate groups that are introduced into starch by dry-heating in the presence of pyrophosphate. In previous studies, researchers have shown that the calcium phosphate-solubilizing capacity of certain food proteins is allowed by phosphorylation through dry-heating in the presence of pyrophosphate (Li et al. 2003 , 2004 , 2005 , Enomoto et al. 2007 , 2009 , Hayashi et al. 2008 . However, there is little information on the calcium phosphate-solubilizing capacity of PS prepared through dryheating in the presence of pyrophosphate.
The objectives of this study are: (1) to investigate the effects of pH, temperature, and heating time on the phosphorylation of starch through dry-heating in the presence of pyrophosphate; (2) to investigate the type of phosphate linkages formed, as well as the various characteristics of PS; and (3) to examine the calcium phosphate-solubilizing capacity of PS and the calcium phosphate forms in the calcium phosphate-PS complex. Preparation of PS Potato starch was suspended at a 2% concentration in 0.1 M sodium pyrophosphate buffer at various pH values from 3.0 to 7.0. It was gelatinized by heating at 80°C for 10 min, and then lyophilized. Lyophilized samples were incubated at various temperatures from 70 to130°C for 1-5 days. Dry-heated samples were dissolved in deionised water and dialysed to remove free pyrophosphate for 2 days, and then lyophilized. For the measurement of browning of PS, the dry-heated samples were not dialysed.
Materials and methods

Materials
Determination of phosphorus content of PS Total phosphorus (Pt) was determined after digestion with perchloric acid by the method of Chen et al. (1956) . To determine the inorganic phosphate (Pi) of the PS, 5 mL of 0.1% sample were ultrafiltered using a Centrisart I (Cutoff 10,000 Da, Goettingen, Germany) and the phosphorus in the filtrate was regarded as Pi of PS. Organic phosphate (Po) content was estimated from the difference between Pt and Pi contents. Each value is the mean with its SD (n=3).
Measurement of browning PS samples were suspended in deionized water at a concentration of 1% at pH 6.0. To 2 mL of 1% of PS solution, 2 mL of 0.1% a-amylase was added. Absorbance was measured at 470 nm after incubation at 60°C for 2 h. Data shown are the mean value of the two determinations, with a deviation of <1%. 31 P Nuclear magnetic resonance ( 31 P NMR) spectroscopy 31 P NMR spectroscopy was carried out by a JNM-ECA 400-NMR spectrometer (JEOL Ltd., Tokyo, Japan) operating at 162 MHz and 20°C. Phosphoric acid (85%) was used as an external standard. The proton-decoupled 31 P NMR spectrum of PS, which was dry-heating at pH 6.0 and 110°C for 3 days in the presence of pyrophosphate, was performed at pH 8.0 (adjusted with 1 N NaOH/D 2 O solution). The PS was dissolved in D 2 O solution at a concentration of 2%. The spectrum of SP solution was obtained with an 80°tipping pulse and a 2-s repetition time.
Measurement of calcium-phosphate solubilizing capacity by PS The preparation of test solutions was done according to the procedures for artificial casein micelles (Aoki 1989) , with the minor modification. Two hundred microliters of 0.2 M potassium citrate, 200 μL of 0.2 M CaCl 2 and 240 mL of 0.2 M K 2 HPO 4 were added to 2 mL of 4% starch solution followed by 100 μL of 0.2 M CaCl2 and 50 μL of 0.2 M K 2 HPO 4 .
The addition of 100 μL of 0.2 M CaCl 2 and 50 μL of 0.2 M K 2 HPO 4 was repeated to give the concentrations of calcium and Pi of 30 and 22 mM, respectively. The interval set for addition was 15 min, and all additions were accompanied by stirring at pH 6.7 with 1 M KOH. The volume was adjusted to 4 mL by measuring the weight of solution. The prepared solutions were centrifuged at 3000 x g for 15 min. The centrifugated solutions were observed by visual inspection before measurements of calcium and phosphate. Calcium was determined with a Shimadzu ICPS-1000 II sequential plasma spectrometer (Kyoto, Japan). Pi was measured by the method of Chen et al. (1956) . Each value is the mean with its SD (n=3).
X-ray diffraction analysis Calcium phosphate-PS (CaPi-PS) complex was applied to X-ray diffraction analysis. In comparison with the existence form of calcium phosphate in (CaPi-PS) complex, the X-ray diffraction analysis of calciumphosphate without starch sample and calcium phosphatestarch complexes were also performed. The X-ray analysis was performed with a Rigaku D/Max-3B X-ray Diffractometer (Tokyo, Japan). Monochromatized CuKa radiation generated at 40 kV and 100 mA was used, and the count full scale was 6000 c/s (CPS) for all samples.
Results and discussion
Phosphorylation In the previous papers (Li et al. 2003 (Li et al. , 2004 , we have showed that the phosphorylation of protein by dry-heating in the presence of pyrophosphate was higher than that in the presence of orthophosphate. Based on this result, we speculated that the phosphorylation of starch may be promoted by dry-heating in the presence of PP. Starch was phosphorylated through dry-heating in the presence of pyrophosphate at various pH conditions. Figure 1 shows the introduced Po content of PS at various conditions. The phosphorylation of starch was accelerated as the pH was increased from 3 to 6, but diminished at pH 7 (Fig. 1a) . This result is similar to a previous reported by Sitohy et al. (2000) . As such, the subsequent phosphorylation of starch was performed at pH 6. Phosphorylation increased as the dryheating temperature increased from 80 to130°C (Fig. 1b) .
Although the Po content of PS was 4.69% when dryheated at pH 6 and 130°C for 1 day, the browning of the PS was also substantial (Fig. 2) . Thus, the phosphorylation of PS was performed at 110°C in the subsequent experiments. The phosphorylation of starch was accelerated as the dry-heating time increased (Fig. 1c) . Similarly, the temperature of the phosphorylation of starch was recommended to be carried out at <120°C to avoid the browning of PS. The phosphorylation level of starch dry-heating in the presence of pyrophosphate is higher than that in the presence of othrophosphate at the same condition. Figure 3 shows the 31 P NMR spectrum of PS at pH 8.0. A peak at −5.43 ppm appeared in the PS, and was assigned as pyrophosphate. Peaks at 3.24 and 4.14 ppm were assigned to C6-O-P and C3-O-P (Sang et al. 2007 , Sang et al. 2010 . These results are similar to those obtained through roasting both α-and β-cyclodextrin with sodium metaphosphate at pH 4.0. (Tarelli et al. 1997 ). On the other hand, this study shows that distarch monophosphate (DSMP, starch-P-starch) and monostarch diphosphate (MSDP, Starch-P-P) were not observed in the PS preparation. This may be attributed to the fact that the phosphorylation pH is different from that used for starch phosphorylation with STPP (Lim and Seib 1993) . A weak peak at 2.31 ppm was assigned to the inorganic orthophosphate (Sang et al. 2010) .
From the results of 31 P NMR, the phosphate ester in PS was determined to be monostarch monophosphate (C3-O-P Fig. 1 Effects of pH (a), temperature (b), and heating time (c) on the phosphorylation of starch. a, starch was phosphorylated by dry-heating at pH 3-7 and 85°C for 1 day in the presence of pyrophosphate; b, starch was phosphorylated by dry-heating at pH 6 and 80-130°C for 1 day in the presence of pyrophosphate; c starch was phosphorylated by dry-heating at pH 6 and 85°C for 1-5 days in the presence of pyrophosphate. Each value is the mean with its SD (n=3) and C6-O-P). Thus, the dry-heating phosphorylation process may be explained in simple terms
where S represents starch. The phosphorylation of starch was enhanced with a pH level between 3 and 6, and was inhibited when the pH was increased to between 6 and7. Pyrophosphoric acid has four ionisable hydrogen atoms. Its dissociation constants are as follows: pk 1 =0.91, pk 2 =2.10, pk 3 =6.70, and pk 4 =9.32. At pH 6.7, the two main anionic pyrophosphate species (H 2 P 2 O 7 2-and HP 2 O 7 3-) are equal. If the pH decreases from 6.7 to 6.0, the proportion of H 2 P 2 O 7 2-increases, while that of HP 2 O 7 3− decreases. Phosphoester formation between hydroxyl groups and H 2 P 2 O 7 2− may be more favorable than that between hydroxyl groups and HP 2 O 7 3− . Therefore, greater phosphorylation may be expected at pH 6.0. On the other hand, H 2 P 2 O 7 2− may not be the reactive species, as it can be one of the components within an equilibrium mixture (Tarelli and Wheeler 1994a, b) . The solution chemistry of phosphates is complex and a variety of phosphorus oxyacid species are known to co-exist in equilibrium. Thus, it is possible that, in all cases, a common component of the equilibrium is the agent responsible for phosphorylation. This may be attributed to the possible interconversion of species.
The calcium phosphate-solubilizing capacity of PS The calcium phosphate-solubilising capacity of PS was examined using the method of artificial casein micelles. As shown in Fig. 4 , in the absence of starch, the soluble calcium and Pi were 10.83 and 9.52 mM, respectively. In the presence of 2% starch, the soluble calcium and Pi were 13.12 and 11.23 mM, respectively. However, the soluble calcium and Pi increased to 27.56 and 20.24 mM, respectively, in the presence of 2% PS (Po content, 3.37%). An image of the calcium phosphate-starch solution after centrifugation is shown in Fig. 4 . In the absence of PS, a calcium phosphate precipitate forms after centrifugation. However, the CaPi-PS solution was clear. When solutions containing calcium and phosphate are mixed, a precipitate of amorphous calcium phosphate is first formed. The amorphous calcium phosphate Fig. 4 Calcium phosphate-solubilizing capacity of PS. PS was prepared by dry-heating at pH 6 and 110°C for 3 days. B, blank (in the absence of starch and PS); S, starch. The centrifugated solutions were observed by visual inspection before measurements of calcium and phosphate. Each value is the mean with its SD (n=3). Pi, inorganic phosphate; Ca, calcium is unstable and finally transforms to stable hydroxyapatite (Schmidt 1982) . The conversion of amorphous calcium phosphate to hydroxyapatite can be prevented by a number of compounds, including casein, phosvitin, and poly-Lglutamate, among others (Schmidt 1982, Van Kemenade and De Bruyn 1989) . Although starch hardly possesses any calcium phosphate-solubilizing capacity, this capacity was markedly enhanced by phosphorylation (Fig. 4) . As wellknown fact, in milk, calcium phosphate in excess of its solulility forms colloilal calcium phosphate and cross-links the caseins. The caseins are cross-linked through their phosphate linkage by colloidal calcium phosphate (Aoki 1989) . In this report, the starch was given to calcium phosphate-solubilising capacity. According to the result reported by Aoki, we believed that the calcium phosphate was solubilised through the introduced phosphate group in PS.
X-ray diffraction of calcium phosphate-PS complex X-ray diffraction analysis was performed to examine which type of calcium phosphate forms in the calcium phosphate-PS complex. In the absence of PS or starch, a number of peaks, which appeared to be those of a certain type of crystals, were observed. According to the X-ray diffraction results, peaks 1-6 were identified as having arisen from potassium chloride (KCl), while the other peaks were derived from a hydroxyapatite crystal [Ca 10 (PO 4 ) 6 (OH) 2 ]. This reveals that calcium phosphate formed as hydroxyapatite. However, hydroxyapatite peaks were not observed in the calcium phosphate-PS complex, indicating that the hydroxyapatite was not formed in the presence of PS (Fig. 5b) . As shown in Fig. 5b , KCl crystal peaks were observed. The formation of the KCl crystal in the CaPi-PS complex is attributable to CaCl 2 and KOH used during the preparation of the CaPi-PS complex. Subsequently, to remove the KCl, the CaPi-PS complex solution was concentrated to approximately 1/10 volume through ultrafiltration using a Centrisart I (Cutoff 10,000 Da), and then lyophilised. As shown in Fig. 5c , the KCl-related peaks in Fig. 5b disappeared and steep peaks were no longer observed in the X-ray diffraction patterns of the concentrated CaPi-PS complex. Toba et al. (1999) reported that the bioavailability of calcium phosphate-casein phosphopeptide (amorphous form) is better than that of rennet whey (hydroxyapatite form). The bioavailability of calcium from a CaPi-PS complex can be beneficial because the calcium phosphate in the CaPi-PS complex was an amorphous form. Casein phosphopeptide is sufficient for rendering the calcium ion soluble in several kinds of food, but its use may be somewhat restricted because of its bitterness (Kamasaka et al. 1995) . PS possesses no bitter taste in sensory tests (data not shown). This may enable PS to be used in many kinds of food without any problems. Furthermore, the physiological and immune functions of PS may be anticipated.
Conclusion
Starch was successfully phosphorylated through dry-heating in the presence of pyrophosphate with little browning. The phosphorylation of starch mainly occurred at the C3-OH and C6-OH of the glucose residue. The phosphate linkages are attributable to monostarch monophosphate. Starch acquired calcium phosphate-solubilizing capacity through phosphorylation. The calcium phosphate-PS complex may be used a new, cost-efficient, and bitterness-free calcium resource.
